Long INterspersed Element one or L1), is a widely distributed, autonomous retrotransposon in mammalian genomes. During retrotransposition, L1 RNA functions first as a dicistronic mRNA and then as a template for cDNA synthesis. Previously, we defined internal ribosome entry sequences (IRESs) upstream of both ORFs (ORF1 and ORF2) in the dicistronic mRNA encoded by mouse L1. Here, RNA affinity chromatography was used to isolate cellular proteins that bind these regions of L1 RNA. Four proteins, the heterogeneous nuclear ribonucleoproteins (hnRNPs) R, Q and L, and nucleolin (NCL), appeared to interact specifically with the ORF2 IRES. These were depleted from HeLa cells to examine their effects on L1 IRES-mediated translation and L1 retrotransposition. NCL knockdown specifically reduced the ORF2 IRES activity, L1 and L1-assisted Alu retrotransposition without altering L1 RNA or protein abundance. These findings are consistent with NCL acting as an IRES trans-acting factor (ITAF) for ORF2 translation and hence a positive host factor for L1 retrotransposition. In contrast, hnRNPL knockdown dramatically increased L1 retrotransposition as well as L1 RNA and ORF1 protein, indicating that this cellular protein normally interferes with retrotransposition. Thus, hnRNPL joins a small, but growing list of cellular proteins that are potent negative regulators of L1 retrotransposition.
INTRODUCTION
The mouse genome contains $600 000 copies of Long INterspersed Element one (LINE-1, or L1), scattered throughout all chromosomes (1) . L1 achieved this high-copy number because it is an autonomous retrotransposon, however, most copies of L1 are the truncated pseudogene progeny of the $3000 full length, active elements (2) . Each active L1 is about 6.5 kb in length and contains a 5 0 -untranslated region (UTR) with an internally repeated promoter, two open reading frames (ORFs) separated by 40 nt, a 3 0 -UTR and a polyA tail. The proteins encoded by both ORFs are required in cis for L1 retrotransposition (3), therefore L1 necessarily functions as a dicistronic mRNA. ORF1 encodes a high affinity, sequence non-specific RNA-binding protein (ORF1p, 4) with nucleic acid chaperone activity that is required for retrotransposition (4) (5) (6) (7) . ORF2 encodes a protein that provides the essential endonuclease (8) and reverse transcriptase (9) activities for insertion by target site primed reverse transcription, or TPRT (10) .
Translation of the L1 dicistronic mRNA has been investigated in mouse, rat and human L1 (11) (12) (13) (14) (15) . In the case of mouse L1 RNA, there appears to be an internal ribosome entry site (IRES) upstream of both ORF1 and ORF2. Specifically, L1 RNA sequences from both the 5 0 -UTR (ORF1 IRES) and the intergenic region (ORF2 IRES) stimulated translation of the second cistron in a dual luciferase assay, and did so at least as well as a known IRES from Cricket Paralysis Virus (14, 16) . A series of control segments taken from the 3 0 -end of L1 but with similar length and nucleotide composition exhibited no IRES activity by this assay. The apparent IRES activities could not be attributed to cryptic promoter or splice sites. Significantly, the ORF2 IRES was most effective if cells were transfected with DNA compared to RNA, suggesting that it may benefit from a 'nuclear experience', as described for the c-myc IRES (17) . This finding likely reflects the need to acquire a cellular protein(s) during transcription or post-transcriptional processing for full IRES function (14) . Cellular proteins that promote IRES function are known as IRES trans-acting factors, or ITAFs (18) .
A number of ITAFs have been identified for both cellular and viral IRESes (19) . Many of these are heterogeneous nuclear ribonucleoproteins (hnRNPs) that are involved in various aspects of RNA metabolism, including RNA processing, translational control and regulation of alternative splicing. Although the connection between their normal biochemical function and their role in IRES function is not obvious, it has been proposed that these hnRNPs function as RNA chaperones, causing IRESes to fold into conformations that promote recruitment of the ribosome (18) (19) (20) (21) . hnRNP proteins are primarily nuclear, although some shuttle between the nucleus and cytoplasm (22) .
Here, we used an affinity capture method to screen for cellular proteins that specifically interact with the ORF1 or ORF2 IRES sequences. We then examined the importance of these host cell proteins for L1-mediated IRES function and L1 retrotransposition by depleting them from cells using siRNA. This approach identified for the first time two cellular RNA-binding proteins that interact with L1 RNA and modulate L1 retrotransposition.
MATERIALS AND METHODS

Plasmid constructs
For affinity capture of IRES interacting proteins, a pUC19-based vector with a T7 promoter, three MS2 hairpins and the HCV IRES (23) was generously provided by Dr Jeffrey Kieft (University of Colorado Anschutz Medical Campus). L1 IRES sequences were amplified by PCR using the following primer pairs: ORF1 IRES, 5 0 -GGCCGGTACCAGCCAGCCACCTT C (forward) and 5 0 -CTTTCGGATCCTGGTAATCTCT GGAGTTAGTAG (reverse); ORF2 IRES, 5 0 -CTAGAG GTACCAGCCAAACTCTCAATTATC (forward) and 5 0 -GTTAAAGGGGATCCTCTGTTCTTGTGGCTGTC (reverse); the 312 nt negative control region of L1, 5 0 -CCC AGGTACCGCATCCAAACGCTGACAC (forward) and 5 0 -CAAAGTGGATCCGTCCAATGGGCCTCTCT TTC (reverse). These regions were moved into the MS2 hairpin vector as KpnI/BamHI fragments, replacing the HCV IRES sequence. Constructs in pRF used for the dicistronic reporter assays were described previously (14) ; for simplicity here 400-1UTR is renamed ORF1 IRES, and 201-1IGR is renamed ORF2 IRES. For retrotransposition assays, the mouse L1 TFC element in pCEP puro was marked with either an antisense intron (AI) containing eGFP or neomycin phosphotransferase reporter cassette to make pDB121 or pDB122, respectively (6) . pSP1 is identical to pDB121 except that it lacks the AI reporter gene. The construct pBS Ya5 neotet (24), a generous gift from Astrid Engel (Tulane University, New Orleans, LA, USA) was used to monitor L1-assisted Alu retrotransposition. Colony formation in the presence of G418 was also assessed using pcDNA3 (Invitrogen).
In vitro transcription of RNA for affinity capture of IRES interacting proteins Plasmids containing the MS2 hairpin described above were linearized with BamHI, phenol/chloroform extracted, ethanol precipitated, and then transcribed in vitro using T7 polymerase. After RNase-free DNase treatment, the MS2-RNA was phenol/chloroform extracted, ethanol precipitated, and then purified on a 7 M urea, 1Â TBE, 6% (19:1) polyacrylamide gel.
Preparation of S10 and nuclear extracts
Mouse LTKor human HeLa cells were grown to confluency on a 150 mm dish, detached with trypsin/ EDTA, and recovered by centrifugation at 300g for 5 min at 4 o C. The cell pellet was resuspended and washed with cold PBS. Each 150 mm dish yielded about 100 ml of packed cell volume (PCV). All subsequent steps were performed at 4 o C unless noted otherwise. The cell pellet was washed with two PCV of 35 mM Hepes, pH 7.4, 146 mM NaCl, 50 mM dextrose. The cells were then resuspended in 1.5 PCV of 20 mM Hepes-KOH, pH 7.4, 10 mM KCl, 1.5 mM Mg(OAc) 2 , 1.0 mM DTT and incubated for 10 min. Cells were then homogenized using a Dounce (25 strokes with pestle B) homogenizer. One-fifth volume of 5 x S10 buffer [200 mM Hepes-KOH, pH 7.4, 1.2 M K(OAc) 2 , 40 mM Mg(OAc) 2 , 52 mM DTT] was added to the homogenate and mixture was centrifuged at 3300g for 10 min to pellet the nuclei. The nuclear pellet was saved to make nuclear extract (see below). The supernatant was centrifuged at 8100g for 15 min, and the resulting supernatant was transferred to a new tube, adjusted to 1 mM CaCl 2 , and then treated with 1U/ml micrococcal nuclease at 22 o C for 15 min. EGTA (2 mM) was added to stop the nuclease digestion, and the extract was centrifuged at 8100g for 15 min. The supernatant, (S10 extract, 25) was aliquoted, snap frozen in N 2 (l), and stored at À80 o C.
For the nuclear extract, 0.5 nuclear volume of 20 mM Hepes, pH 7.9, 25% glycerol, 20 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF was added to the nuclear pellet while stirring. Once the nuclei were resuspended, 0.5 nuclear volume of 20 mM Hepes, pH 7.9, 25% glycerol, 1.2 M KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF was added. The mixture was left stirring for 30 min, and then centrifuged at 25 000g for 30 min. The supernatant was dialyzed twice against 50 volumes of 20 mM Hepes, pH 7.9, 20% glycerol, 100 mM KCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMS and centrifuged as before. The supernatant, or nuclear extract, was aliquoted, snap frozen in N 2 (l) , and stored at À80 o C.
RNA affinity chromatography
In a total volume of 500 ml, 500 pmole of the MS2 hairpin-tagged RNA were incubated with 150 mg (protein) of S10 or nuclear extract in binding buffer (20 mM Tris-Cl, pH 7.6, 100 mM KCl, 5 mM MgCl 2 , 2 mM DTT, 0.25 mg/ml heparin, 0.5 U/ml SUPERase.IN, Ambion) at 37 C for 30 min. 90 mg of MS2-MBP (MS2 coat protein-maltose-binding protein fusion protein, generously provided by Dr Jeffrey Kieft) were then added to the mixture and incubation was continued at 37 C for another 30 min. At room temperature, the mixture was loaded onto a column (Fisher Scientific) packed with 150 ml bed volume of amylose resin (New England Biolabs) that had been equilibrated four times with 0.75 ml washing buffer (20 mM Tris-Cl, pH 7.6, 100 mM KCl, 5 mM MgCl 2 , 2 mM DTT) each. The column was washed twice with 1.5 ml washing buffer, and the RNA-protein complex was eluted from the column with 0.5 ml elution buffer (20 mM Tris-Cl, pH 7.6, 100 mM KCl, 5 mM MgCl 2 , 2 mM DTT, 12 mM maltose). The eluent was concentrated to 20 ml using a Microcon YM10 (Millipore). This experiment was done initially with extracts from LTKcells and proteins identified, but subsequently repeated in HeLa cells because downstream in vivo assays, especially for studies of L1 retrotransposition, were too inefficient to study effects of cellular protein knockdown in LTKcells. The identical four cellular proteins were isolated using this experimental protocol from both LTKand HeLa cells.
Protein identification using LC-MS/MS
The concentrated eluant from RNA affinity isolation was fractionated by electrophoresis through a 1.5 mm thick 10% (39:1) SDS-polyacrylamide gel at 150 V for 7 h and proteins stained with Sypro Ruby (Invitrogen). The Typhoon imaging system was used to scan the gel, and the resulting image was analysed using DeCyder (GE Healthcare). Protein bands that interacted with the ORF2 IRES transcript were robotically excised, digested to peptides with trypsin, and the resulting peptides were analysed by LC/MS-MS as described (26) . Mass spectrometry data were searched against the NCBI dataset for mouse proteins with Spectrum Mill MS Proteomics Workbench software (Agilent) to identify the proteins in each band.
siRNA-mediated knockdown of cellular proteins
Gene-specific pooled siRNA duplexes used were hnRNPL (L-011293-01), NCL (L-003854-00), hnRNP-Q (SYNCRIP, L-016218-00) and hnRNPR (L-010905-01) and a non-targeting siRNA control (D-001810-10), all purchased from Dharmacon (ThermoFisher Scientific). HeLa cells in 12-well plates were transfected with 5 nM each siRNA using INTERFERin (Polyplus-transfection, France) following the manufacturer's recommendations. pRF-based luciferase plasmid constructs were transfected into the same cells 24 h later using Lipofectamine 2000 (Invitrogen), for assessment of IRES activity. Doubly transfected cells were harvested 48 h later, lysed and analysed for luciferase expression using the dual luciferase reporter assay (Promega) as described previously (14) . Each assay was run in triplicate; each set of experiments was repeated at least three times. For assay of L1 retrotransposition activity, HeLa cells in 6-well dishes were transfected first with 5 nM siRNA as above. 24 h later, 2 mg pDB121 or pDB122 (L1 marked with the AI eGFP or neo reporter genes, respectively), were transfected using Lipofectamine 2000 and the doubly transfected cells were selected with 10 mg/ml puromycin beginning 24 h later. For eGFP analysis, puromycin selection was maintained until flow cytometry on d6 (7) as described. For the neo assay, transfected cells were selected in 10 mg/ml puromycin for 24 h as above; two of the three wells were fed with DMEM complete and the third was split 1:3.3, 1:10, 1:30 and 1:90 and grown 24 h in DMEM complete. The doubly transfected cells were then shifted to 400 mg/ml G418 and grown for an additional 10 d before fixation and staining with crystal violet to visualize and count colonies formed from individual retrotransposition events (6) . Alu retrotransposition was likewise measured in 6-well plates following knockdown with siRNA as described for L1, however 24 h post-transfection of the siRNA cells were re-fed in 1 ml serum-free medium and transfected with 400 ng pBS Ya5 neotet mixed with 200 ng pSP1 in LipofectaminePlus (Invitrogen). After 3 h incubation, 1 ml of DMEM containing 20% (2 x) fetal bovine serum was added and the incubation continued overnight. Selection in 400 mg/ml G418 was applied after 48 h and continued for 14 days before fixation and staining.
Western blot analysis of protein abundance
Lysates (lys) were prepared from transfected cells as described (6) , and protein quantified by Bradford assay (Bio-Rad). Western blots for ORF1p (27) used 20 mg of lys and hnRNPQ (Abcam, ab10687) as a loading control, whereas western blots for hnRNPL (Abcam, ab6106) and NCL (Abcam, ab50279) used 10 mg of lys and actin (Santa Cruz, sc8432) to confirm equal loading. Blot images were developed with ECL Plus (GE Healthcare) and images captured on the Typhoon 9400.
L1 RNA analysis
Total RNA was isolated from transfected cell lys using TRIzol-LS (Invitrogen) and quantified (Nanodrop, Thermo Scientific). For qRTPCR analysis of transcript abundance, RNA (2 mg) was treated with RQ1 DNase (Promega) and cDNA synthesized from 1 mg using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). 2 ml cDNA were used for quantitative PCR using a TaqMan probe assay as described (5) . For northern blots, total RNA and oligo dT-selected (poly A + , PureBiotech, MPG mRNA purification kit) RNA was fractionated through agarose formaldehyde gels, transferred to membrane and hybridized to 32 P-labeled in vitro transcribed antisense L1 RNA (NorthernMax Kit, Ambion). Phosphorimages were captured on a Typhoon 9400 and analysed with ImageQuant 5.2 (GE Healthcare). For RT-PCR to detect the AI, cDNA was synthesized using random hexamer from either 500 ng polyA+ or 2mg total RNA template in a 20 ml reaction, then 1 ml of that was amplified in a 25 ml PCR reaction using GFPint1F, 5 0 -GACTGGGTGCTCAGGTAGTGG and GFPint1R 5 0 -AAGATCCGCCACAACATCGA for 40 cycles. Products were separated on 2% agarose, stained with SYBRSafe (Invitrogen), and imaged on the Typhoon9400.
RIP assay
The interaction between hnRNPL and L1 RNA in cells was evaluated using a ribonucleoprotein immunoprecipitation assay (28) . Briefly, 6 Â 10 6 HeLa cells were seeded onto 150 mm dishes (BD Biosciences) and transfected with a wild-type mouse L1 plasmid, pSP1, using Lipofectamine 2000 (Invitrogen). After 24 h, transfected cells were selected with 10 mg/ml puromycin. On day 2 post-transfection, the cells were washed with PBS and incubated at room temperature with 1% formaldehyde (in PBS) for 5 min to crosslink closely juxtaposed constituents. The reaction was quenched by the addition of glycine to 0.125 M for an additional 5 min. The cells were then washed twice with cold PBS, recovered from the dishes, pelleted by centrifugation, and stored as pellets at À80 C until use. For RIP, cells were resuspended in 1 ml RIPA buffer (50 mM Tris-Cl, pH 7.5, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.05% SDS, 1 mM EDTA, 150 mM NaCl) supplemented with complete protease inhibitor (Roche) and sonicated 3 Â 5 s at 25% amplitude using a microtip (Ultrasonic Processor GEX130, Cole-Parmer Instruments, Vernon Hills, IL). The lys was cleared by centrifugation at 14 000g for 15 min at 4 C and applied to either uncoated, or hnRNPL coated, magnetic beads (Dynabeads Protein-G Immunoprecipitation Kit, Invitrogen, following the manufacturer's recommendations). Briefly, 50 ml (1.5 mg) of protein-G Dynabeads were incubated with either 5 mg of mouse monoclonal hnRNPL antibody for 10 min or rabbit polyclonal NCL antibody for 1 h at room temperature, and then washed with antibody binding and wash buffer from kit. Equal volumes of lys ($500 ml) were added to each hnRNPLcoated protein G beads and beads lacking antibody to control for specificity. Beads and lys were incubated overnight at 4 C, and then washed twice before elution into 80 ml of 50 mM glycine, pH 2.8 by heating at 70 C for 45 min to reverse crosslinks. RNA was then extracted from 50 ml of eluate using Trizol-LS reagent (Invitrogen). RNA grade glycogen (Roche Diagnostics, USA) was added to 20 mg per sample and the RNA was DNase treated using RNase-free DNase (Promega). First strand cDNA was synthesized from 500 ng of the recovered RNA using the High-Capacity cDNA RT Kit (Invitrogen, USA). L1 RNA was detected in the starting and unbound lys and eluates by PCR using 5 0 -CTCAGAAT GAAAGGCTGGAAAAC as the forward primer, and 5 0 -AGGATGGCTACTCCTGCTTGTT as the reverse primer.
RESULTS
Previous work delineated cis-acting sequences with IRES function in L1 RNA upstream of both ORF1 and ORF2 (14) . These sequences, along with negative controls, were cloned into a vector for in vitro transcription downstream of MS2 hairpins. The resulting RNAs were used to affinity capture RNA-binding proteins from HeLa cells using the MS2-MBP system. This system exploits the high affinity of MS2 coat protein for the MS2 RNA hairpin and allows recovery of the RNA-protein complexes on an amylose column via the maltose-binding domain (29) .
Cytoplasmic S10 extract and nuclear extracts from HeLa cells (see Materials and Methods section) were incubated with RNA transcripts containing the ORF1 and ORF2 IRESes. The HCV IRES was included as a positive control and the 312 nt region from the 3 0 -UTR of mouse L1 RNA that has no IRES activity was used as a negative control. No proteins were observed that interacted specifically with the ORF1 IRES-containing RNA (data not shown). However, three proteins from the nuclear extract appeared to interact specifically with the RNA containing the ORF2 IRES. A fourth protein interacted more strongly with this RNA than with either the HCV IRES or the L1 312-containing RNAs and was found in both the nuclear and cytoplasmic extracts (the second largest protein in Figure 1 ). These proteins were identified as heterogeneous nuclear ribonucleoprotein R (hnRNPR), NCL, synaptotagmin-binding cytoplasmic RNA-interacting protein (SYNCRIP or hnRNP-Q) and heterogeneous nuclear ribonucleoprotein L (hnRNPL) using tandem mass spectrometry (Table 1) .
We first tested these L1 RNA-binding proteins for an effect on ORF2-IRES-mediated translation using the dicistronic reporter assay in cells treated with siRNA to reduce their abundance. In NCL knockdown cells, the ORF2 IRES activity was modestly but significantly reduced ( Figure 2 ), whereas there was no effect on translation mediated by either the L1 ORF1 or the CrPV IRES sequences. Depletion of NCL reduced ORF2 IRES activity in this assay an average of 33% compared to the scrambled (scr) siRNA control, with a range of 25-47% in three independent experiments (Supplementary Figure  S1 ); in all cases only the construct with the ORF2 IRES was significantly and reproducibly affected. These results are consistent with a role for NCL in enhancing the function of the ORF2 IRES as expected for an ITAF and suggested that further studies to examine the role of NCL in L1 retrotransposition were warranted.
Reduced levels of hnRNPL also significantly decreased the relative luciferase expression from the ORF2 IRES construct compared to both scr siRNA and no siRNA controls. The apparent ORF2 IRES activity was decreased an average of 67%, with a range of 61-71% in four independent experiments when hnRNPL was depleted. However, significant reductions of activity from ORF1 and CrPV IRESes were also observed, demonstrating a lack of specificity of hnRNPL for the ORF2 IRES ( Figure 3A) . Because the CrPV IRES is known to recruit ribosomes directly (16) , depletion of hnRNPL was not expected to affect its ability to initiate translation. Examination of the separate Rluc (Renilla luciferase, first cistron) and Fluc (Firefly luciferase, second cistron) data revealed little change in Fluc ( Figure 3C ) in the presence of the hnRNPL siRNA compared to scr. Instead, the decreased relative luciferase ratio was due to a large increase in the translation of the first cistron (Rluc, Figure 3D ) when hnRNPL was depleted. Although this effect was unexpected and not consistent with a role for hnRNPL as an ORF2-specific ITAF, it does indicate a role for hnRNPL in RNA metabolism, which might be important for L1 retrotransposition.
Knockdown (by at least 75%) of the remaining two proteins isolated by RNA affinity chromatography, SYNCRIP and hnRNPR, had no measureable effect on the luciferase ratios obtained from the dicistronic constructs (data not shown). Therefore, these two proteins were not investigated further.
If either hnRNPL or NCL is involved in L1 retrotransposition, altering their levels in the cell should alter retrotransposition efficiency. Retrotransposition was measured using an autonomous retrotransposition assay where new insertions are detected by either quantification of eGFP expression using flow cytometry (31), or visualization of G418-resistant cells after fixation (9) . Interestingly, L1 retrotransposition increased when cells were depleted of hnRNPL using both assay methods (Figure 4) . In contrast, NCL knockdown-reduced L1 retrotransposition, also in both assays. G418-resistant cell colonies measure individual retrotransposition (insertion) events whereas the flow cytometry data do not distinguish between green cells that arise from unique insertions or after mitosis of a cell with a preexisting insertion, therefore, quantification by the neo assay more directly reports the magnitude of the effect of the loss of these cellular proteins on L1 retrotransposition events. Depletion of hnRNPL increased transposition by at least 10-fold, indicating that hnRNPL is an important negative regulator of L1 retrotransposition. In contrast, depletion of NCL decreased retrotransposition, also by about 10-fold, consistent with NCL playing a positive role during L1 retrotransposition [ Figure 4 , panels (B) and (C)].
Because hnRNPL and NCL were originally isolated as proteins that bind specifically to a segment of L1 RNA in vitro, it was important to demonstrate that these cellular proteins also interact closely with L1 RNA in vivo, during retrotransposition. Transfected cells were crosslinked in situ and complexes isolated by RNP immunoprecipitation Paired lanes resolve S10 cytoplasmic (C) or nuclear (N) proteins that were captured using the ORF2 IRES or 312 nt regions of L1 RNA, the HCV IRES, or no RNA. The region containing four proteins with enhanced or unique interaction with the ORF2 IRES are encircled in white; each of these protein bands of interest is marked by asterisks on the left. From top to bottom, these proteins were identified as hnRNPR, NCL, SYNCRIP (also known as hnRNP-Q) and hnRNPL (Table 1) . Several unique protein bands are apparent in the lane containing cytoplasmic proteins that bound to the HCV IRES. These contained 22 small ribosomal proteins and 7 large ribosomal proteins, as well as RACK1 and NCL (data not shown). All are known to interact with the HCV IRES (23, 29) , confirming that our binding conditions, affinity purification protocol and protein identification by mass spectrometry were reliable. Numbers on the left of the gel indicate the position of molecular size markers in KDa. (RIP) using hnRNPL-or NCL-specific antibodies. L1 RNA was detected in both immunoprecipitates by RT-PCR ( Figure 5 ), confirming that both of these cellular RNP proteins bind to L1 RNA in vivo as well as in vitro.
Both L1 RNA and ORF1 protein are essential intermediates in L1 retrotransposition. Thus, the steady-state levels of these intermediates were quantified in the presence or absence of knockdown of NCL and hnRNPL over the time course of the retrotransposition assay using eGFP. The qRTPCR revealed significantly increased levels of L1 RNA in hnRNPL knockdown cells compared to cells that were not treated with siRNA ( Figure 6A ). ORF1p is below the limit of detection (1 ng in 40 mg total cellular protein) by western blot in cells containing just the transfected L1 ( Figure 6B ), even though retrotransposition events are detected at low frequency ( Figure 4A ). In contrast, ORF1p is readily detected by western blot in the hnRNPL knockdown cells ( Figure 6B and C) which also exhibit enhanced retrotransposition ( Figure 4A ). These data imply that depletion of hnRNPL elevates retrotransposition by increasing the steady-state levels of the L1 RNA and ORF1p retrotransposition intermediates. In contrast, L1 RNA either remains the same (days 1-3, or is decreased by no more than 2-fold (day 4) when NCL is depleted by siRNA ( Figure 6A and C), and L1 ORF1p remains undetectable (data not shown) as with scr siRNA and no treatment.
NCL's behaviors in all of the above assays are consistent with a role in promoting ORF2 translation-it binds the ORF2 IRES, enhances IRES function, and increases L1 retrotransposition yet does not comparably alter L1 RNA or protein levels. Although we were unable to measure the abundance of ORF2 directly, it is possible to indirectly measure L1 ORF2p by examining Alu retrotransposition. Alu retrotransposition requires L1 ORF2 (32); therefore, if NCL depletion reduces translation of L1 ORF2, Alu retrotransposition should also be decreased. As was observed with L1 retrotransposition, treatment of cells with NCL siRNA decreased ORF2mediated Alu retrotransposition to 6% of untreated or scr siRNA controls ( Figure 7A ). This finding is again consistent with the predicted behavior of an ORF2 ITAF.
NCL plays multiple roles in cell physiology (see Discussion section) and is essential for viability (33) . This raises the possibility that the observed decreases of L1 and Alu retrotransposition under conditions of NCL depletion were due to effects on cell survival rather than retrotransposition. To test this possibility, cells were treated with either scr or NCL siRNA, transfected with pcDNA3 and then selected in G418 as for retrotransposition assays. pcDNA3 is a vector that contains the neomycin phosphotransferase gene; it confers resistance to G418 directly, without the need for retrotransposition. Although the pcDNA3 colonies were slightly smaller in cells transfected with NCL siRNA than those transfected in parallel with scr siRNA, their numbers were equivalent ( Figure 7B) , indicating that the cells can recover and grow in G418 after transient NCL knockdown using siRNA.
Thus, it appears that the reduced retrotransposition efficiency observed with NCL depletion is not simply an effect on cell viability, but instead reflects a requirement for NCL during L1 and L1-mediated Alu retrotransposition.
hnRNPL plays multiple roles in RNA metabolism, prominently in alternative splicing (34) . Native L1 lacks (14), right arrow marks the transcriptional start site, up arrow denotes the cloning site for IRES test sequences, the hairpin loop represents ÁEMCV, a highly structured, defective, IRES-derived RNA element used to block read-through translation, Rluc is the Renilla luciferase (first cistron), Fluc is the firefly luciferase (second cistron) and An denotes the polyA signal. Constructs tested were pRF (empty vector), and vector with inserts of various regions of L1 as indicated: ORF1, the L1 ORF IRES; ORF2, the L1 ORF2 IRES; and 3 0 -UTR, the 312 nt negative control region (14) . CrPV, the Cricket Paralysis Virus intergenic IRES, was used as a positive control for IRES activity (30) introns, but the autonomous retrotransposition assay depends on removal of an AI for expression of the reporter gene and thereby detection of retrotransposition events. This raises the possibility that the effect of hnRNPL knockdown is inconsequential to L1 retrotransposition because it merely alters removal of an artificial intron in the reporter. To address this potential artifact, we examined the structure of L1 RNA in cells undergoing retrotransposition after treatment with scr and hnRNPL siRNA, using both northern blotting and RT-PCR. As is typical for mouse L1 northern blots (35) (36) (37) , full-length L1 RNA comprised a minority of the total hybridization intensity ( Figure 8A ). The majority of the signal was found in numerous smaller products that formed a smear below the longest discrete form in total RNA, but some smaller bands, too small to be retrotransposition competent, are resolved after polyA + selection (Figure 8A , compare the left and right blots). L1 hybridization intensity was increased in both total and polyA + -enriched RNA from hnRNPL siRNA-treated cells compared to the scr controls. This result is consistent with L1 quantification by qRTPCR ( Figure 6A ), confirming that hnRNPL depletion allows L1 RNA to accumulate. Other than intensity, there are no clear differences in the L1 RNA hybridization pattern between scr and hnRNPL-treated cells. To more directly assess the question of whether there is a difference in the removal of the AI in cells where hnRNPL is depleted, PCR primers that capture both the introncontaining and intronless forms of the reporter gene were used to amplify cDNA made from total (data not shown) or polyA + selected RNA ( Figure 8B ). We were unable to detect the intron-containing RNA in either scr or hnRNPL siRNA-treated cells. These data support the conclusion that hnRNPL is a biologically relevant host factor that limits L1 retrotransposition by limiting the abundance of L1 RNA and hence retrotransposition intermediates.
DISCUSSION
L1 retrotransposition begins with transcription of an active element in the genome. Like all mRNAs, the nascent L1 transcript must associate co-transcriptionally with cellular proteins, including the abundant hnRNP proteins (38) . Thus, L1 RNA forms a complex with cellular proteins that accompany it to the cytoplasm as an L1mRNP for translation. It is reasonable to predict that, over the long-term evolution of LINE-1, some of these interactions facilitate and others inhibit replication. The naturally dicistronic L1 mRNA serves first as the template for translation of the two proteins that are required in cis to complete the retrotransposition cycle (3), and then as the template for reverse transcription. Translation of both ORF1 and ORF2 in mouse L1 RNA likely presents a challenge for conventional capdependent initiation because of the extremely long and GC-rich 5 0 -UTR upstream of ORF1, and the position of ORF2 as the second cistron in the dicistronic message (14) . Nevertheless, translation of both of the L1 ORFs on the mRNA must and, as evidenced by successful retrotransposition, does occur. Upon sufficient accumulation of the two L1-encoded proteins, likely requiring a ratio of hundreds of initiations on ORF1 compared to two on ORF2 (14) , the L1 transcript relinquishes its role as a template for translation and associates with ORF1p and ORF2p to form a distinct L1RNP complex that is capable of inserting a new copy of L1 into the genomic DNA by TPRT (39) .
In this study, we demonstrate that two abundant cellular RNA-binding proteins, hnRNPL and NCL, act on L1 RNA during retrotransposition with opposing effects (Figure 4 ). Both were isolated by an affinity capture method using a small subset (3%) of a full length, retrotransposition competent L1 RNA (Figure 1) that was previously shown to function as an IRES for ORF2 translation (14) . Both also bind L1 RNA in vivo, in cells with ongoing retrotransposition activity, based upon the ability to capture L1 RNA by RNA immunoprecipitation using either hnRNPL or NCL antibodies ( Figure 5 ).
NCL behaved as expected for a cellular ITAF that facilitates translation of ORF2; knockdown of endogenous NCL by siRNA decreased expression of the second cistron in the dicistronic reporter assay containing the L1 ORF2 IRES, but did not affect the results obtained with the ORF1 or CrPV IRESes (Figure 2 ). The magnitude of this change, (approximately one-third, Supplementary Figure S1 ) agrees remarkably well with expectation based on the results of a previous study that suggest approximately half of the ORF2 IRES activity in this assay depends on a nuclear factor [compare RNA to DNA transfection in (14) ], particularly since cellular NCL was reduced but not eliminated by the siRNA treatment. NCL depletion decreased L1 retrotransposition by at least 10-fold ( Figure 4B and C), indicating that it is an important cellular factor supporting retrotransposition. The comparable decrease in L1-mediated Alu retrotransposition ( Figure 7 ) is again consistent with reduced ORF2 translation under conditions of NCL depletion. The magnitude of the effect of NCL depletion is greater on retrotransposition than it is in the dicistronic reporter assay, which may reflect a difference in the temporal or spatial requirements of the two mRNAs for NCL; e.g. it is likely that luciferase mRNAs are translated numerous times versus far fewer for an L1 RNA in the context of L1 retrotransposition (14) . Alternatively, NCL may be required for another retrotransposition function, also common to L1 and Alu, in addition to its likely role as an ITAF for the ORF2 IRES. NCL is an abundant cellular protein with multiple functions ranging from ribosome biogenesis to transcriptional control, nucleosome remodeling, nuclear-cytoplasmic shuttling, modulation of the stability and translation of specific mRNAs, internalization of growth factors, centrosome duplication and virus replication (33, (40) (41) (42) . Significantly and most relevant to this work, NCL has also been reported to function as an ITAF for viral IRESes (43) .
Depletion of hnRNPL also decreased the relative luciferase ratio in the dicistronic reporter assay ( Figure 3A) . In contrast to NCL, however, this effect on translation was observed using all of the dual luciferase constructs and was therefore IRES-independent. In fact, hnRNPL depletion led to increased expression of the first cistron (Rluc) rather than decreased expression of the second (Figure 3C and D) . These findings provide strong evidence against our initial hypothesis that hnRNPL functions as an ORF2 IRES-specific ITAF during L1 retrotransposition, although hnRNPL is an established ITAF, enhancing translation of hepatitis C virus (44) and Cat-1 mRNA (45) . Moreover, endogenous hnRNPL limits mouse L1 retrotransposition in HeLa cells rather than supporting it as would be expected for an ITAF; this is apparent from the 10-fold increase in retrotransposition events that accompanied hnRNPL knockdown ( Figure 4B Colonies were visualized after 14 d in G418, fixation and staining with crystal violet. One example well is shown for scr and NCL knockdown along with a graph plotting the average number of colonies/well from three independent experiments (each transfected in triplicate) ±sem. (B) pcDNA3 confers G418 resistance after NCL knockdown. An example well and its corresponding 1/10 dilution are shown for cells treated with scr and NCL siRNA and then transfected with pcDNA3. The number of colonies were counted; no significant differences were found (P = 0.93, Student's t-test, n = 4).
in retrotransposition events when cellular hnRNPL is depleted, the essential retrotransposition intermediates L1 RNA and ORF1p also increased ( Figures 6 and 8A) , with no effect on L1 RNA processing that was reflected as changes in the secondary structure of L1 RNA. We conclude that hnRNPL acts as a host defense factor to protect cells from L1 retrotransposition, apparently by decreasing the steady-state levels of L1 RNA and thereby protein intermediates that are available for the TPRT reaction. hnRNPL has been associated with multiple effects on RNA metabolism including intron inclusion and exclusion, suppression of multiple exons and selection of alternative sites for poly-adenylation (34) . It is able to both repress the use of strong splice sites and enhance the use of weak splice sites (46) . hnRNPL also interacts with the mediator complex where it can impact gene expression, not only via its roles in RNA processing, but also by reducing trimethylation of histone H3 on lysine 36 (H3K36me3), a mark associated with transcriptional activation (47, 48) . Production of full-length, sense-strand L1 RNA is limited by poor transcriptional elongation (49, 50) , premature polyadenylation (50, 51) and cryptic splicing (52) . All of these findings can be attributed to the known activities of hnRNPL. Thus, depletion of hnRNPL may increase transcriptional elongation, and decrease use of the cryptic splice sites and premature polyadenylation signals, thereby increasing the abundance of productive retrotransposition intermediates. Because the siRNAs do not completely eliminate hnRNPL in our experiments, it is likely that the cells in the population that fully or partially escape hnRNPL RNA silencing continue to metabolize L1 RNA normally which results in detection of its quantitative ( Figure 6A ), but not qualitative changes ( Figure 8) .
Transposons shape genomes, dynamically altering both structure and function. New L1 insertions may disrupt or alter gene function, juxtapose new sequences, cause large deletions or rearrangements, and alter transcriptional regulation, splicing and polyadenylation; at the DNA level, the interspersed repeated nature of L1 provides substrates for non-allelic homologous recombination, further reorganizing the genomic landscape (53, 54) . To control the mobility of L1 and limit adverse effects on the genome, the host cell utilizes molecular defensive mechanisms. The first line of defense against a retrotransposon like L1 is to block transcription; there is abundant evidence in the literature for epigenetic silencing of L1 in most cell types leading to transcriptional repression. In addition a few cellular proteins are known to provide downstream blocks to the retrotransposition life cycle, including APOBEC proteins and some components of the DNA repair machinery (reviewed in 55). hnRNPL is the first cellular protein to be isolated by affinity chromatography on L1 RNA that acts to limit L1 retrotransposition.
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